BACKGROUND AND PURPOSE: Antiplatelet drug resistance has been associated with thromboembolic complications in patients after coronary stent placement. It has not been well-studied in patients who have neurovascular stent-placement procedures. This study aimed to analyze the relationship between antiplatelet drug resistance and neurovascular stent-placement complications.
T hromboembolic events, especially stroke, account for most serious complications following neuroendovascular stent procedures. 1, 2 Mainly on the basis of the larger experience from percutaneous cardiovascular interventions, 3 the use of aspirin and clopidogrel to mitigate the risk of thromboembolic events is uniformly recommended for all currently available neuroendovascular stents. 4 Pharmacologic studies in cardiovascular patients have demonstrated the wide variability of platelet inhibition in response to clopidogrel among individual patients. [5] [6] [7] Furthermore, a significant portion of patients can be classified as having aspirin or clopidogrel resistance. Observational studies from the cardiovascular literature have demonstrated a relationship between clopidogrel resistance and the development of cardiovascular events after PCI. 8, 9 Antiplatelet drug resistance has not been well-characterized in patients undergoing neurovascular stent placement. In recent years, a few studies in patients after neurovascular stent placement revealed similar rates of resistance for aspirin and clopidogrel compared with the rates in the cardiovascular literature. [10] [11] [12] [13] Increased doses of clopidogrel have been shown to overcome resistance and increase platelet inhibition. [14] [15] [16] The aim of this study was to analyze the relationship between antiplatelet drug resistance and periprocedural thromboembolic events in patients undergoing neurovascular stent-placement procedures at a single center. In addition, we evaluated the effect of tailored clopidogrel dosing on clinical outcomes.
MATERIALS AND METHODS

Study Design
Between August 2006 and January 2011, all consecutive patients undergoing stent placement in the intracranial or cervical vasculature at the Hyman Newman Institute for Neurology and Neurosurgery were tested for aspirin and clopidogrel resistance by using the VerifyNow platelet function assay (Accumetrics, San Diego, California). All test results were prospectively recorded. Indications for stent placement included extracranial stenosis, symptomatic intracranial stenosis, and coiling of wide-neck aneurysms. Procedural information and complications were entered in the institute's prospectively maintained data base. Clinical and laboratory data on all patients were collected via a retrospective chart review. Thromboembolic events, defined as instent thrombosis or stroke up to 30 days after the stent placement procedure, were used in the analysis. We excluded patients who did not receive antiplatelet drugs before the procedure and patients for whom complete clopidogrel testing data were not available.
The study population was divided into 2 cohorts. During the observational period from September 2006 to September 2008, platelet inhibition assays were collected and no management decisions were based on the results (group A). After this, practice was changed and from October 2008 to January 2011, patients who were resistant to clopidogrel were given additional clopidogrel and were retested with a goal inhibition of Ͼ20% (group B).
Medication Regimen and Neurovascular Stent Placement
For elective patients, we initiated daily antiplatelet therapy with aspirin, 81 mg, and clopidogrel, 75 mg, 5 days before the procedure. For urgent cases, patients were given aspirin and an oral load of 600 mg of clopidogrel. Platelet inhibition levels were checked before stent placement in all patients. Immediately prior and during neurovascular stent placement, patients were anticoagulated with heparin to maintain an ACT of approximately twice baseline. All carotid stent-placement procedures were performed with distal embolic protection. Intracranial stent placement was performed by using the Wingspan and Gateway (Boston Scientific, Natick, Massachusetts) systems for intracranial stenosis or the Neuroform (Boston Scientific) or Enterprise (Codman, Raynham, Massachusetts) stents for stent-assisted aneurysm coiling. A coronary Taxus Liberté (Boston Scientific) stent was used for vertebral artery stenosis.
Platelet Function Testing
We used the VerifyNow aspirin assay to calculate aspirin reaction units and the VerifyNow P2Y12 assay (Accumetrics) to calculate P2Y12 reaction units and the percentage inhibition of platelet function immediately before the procedures. This assay measures changes in light transmittance to evaluate fibrinogen-mediated platelet aggregation in whole blood in the presence of arachidonic acid (aspirin) or P2Y12 receptor agonists (clopidogrel). 17 The degree of aggregation is expressed as ARU for aspirin, and PRU and percentage inhibition for clopidogrel. Aspirin resistance was defined as ARU Ն 550. Clopidogrel resistance was defined as percentage platelet inhibition Յ20%, consistent with that in previous studies. 18, 19 Patients were classified as resistant if testing showed the above-defined levels after 5 days of treatment or a loading dose was given.
Statistical Analysis
For all continuous variables, means and SDs were calculated. Associations between clinical variables and aspirin-and clopidogrelrelated platelet inhibition and resistance were tested by using univariate ANOVA. Possible clinical indicators of periprocedural thromboembolic complications (P Յ .25) were then entered into a multivariate model. These were analyzed by using a stepwise multivariate regression model. Significance was defined as P Ͻ .05. The association of clinical variables, whether continuous, ordinal, or categoric, with the presence of thromboembolic complications was modeled by using logistic regression. Comparisons between groups were evaluated by using the 2 test.
RESULTS
During the study period, 101 neurovascular stent-placement procedures were performed. For 5 procedures, there were incomplete platelet inhibition assay results or the patient was not loaded with oral antiplatelets before the procedure. Ninety-six procedures were included in the analysis. Indications for stent placement were as follows: 48 for carotid artery atherosclerotic stenosis and 4 for carotid artery dissection. Twenty-seven patients underwent stent placement for intracranial aneurysm, and 16 patients had symptomatic intracranial stenosis. One patient underwent extracranial vertebral artery stent placement for symptomatic stenosis. The mean age was 63.9 Ϯ 13.6 years with 58% being men. Further demographic and clinical characteristics are shown in Table 1 . There were no significant differences between groups A and B.
Resistance to Aspirin and Clopidogrel
We report aspirin and clopidogrel resistance as determined by analyzing the initial assay results from the entire study population (groups A and B). There was 1 patient for whom aspirinresistance results were not available. In the 95 patients in whom ARU was measured, 5.3% (n ϭ 5) of patients were aspirin-resistant. The mean ARU was 442. In all 96 patients, clopidogrel testing results were available. Mean platelet inhibition was 34.5% Ϯ 26.7%, with 36.5% (n ϭ 36) of patients being clopidogrel-resistant with inhibition of Ͻ20%. The mean PRU was 205.3 Ϯ 90.7.
In the univariate ANOVA analysis (Table 2) , platelet inhibition was found to be lower in patients with diabetes (P ϭ .029), hyperlipidemia (P ϭ .067), and lack of statin use (P ϭ .012).
Thromboembolic Events
Seven (7.3%) patients developed thromboembolic events within 30 days of stent placement (Table 3 ). All events were at the stent or in the territory of the stented vessel. Six of 7 were clopidogrelresistant. The non-clopidogrel-resistant patient developed a lacunar stroke 3 weeks after intracranial stent placement. In univariate analysis, clopidogrel resistance was associated with development of a thromboembolic event, with 6/36 (16.7%) resistant patients developing an event and 1/60 (1.6%) nonresistant patients developing an event (P Ͻ .01). In the logistic regression prediction model for periprocedural thrombosis (P ϭ .001), clopidogrel resistance (P ϭ .015) and lack of statin use (P ϭ .006) predicted development of thromboembolic complication.
Comparison between Cohorts
During the initial period (group A), 49 stents were placed without modification of the antiplatelet regimen. Thirty-three percent of the patients had clopidogrel resistance with platelet inhibition levels Ͻ20%. In group A, the mean PRU was 222.5 Ϯ 87.8 and the mean platelet inhibition was 33.9%. In group B, 47 stents were placed. Forty percent of patients had clopidogrel resistance on initial testing. Among patients after the practice change, the mean PRU was 182.4 Ϯ 90.4, and the mean inhibition was 37.2%. Most patients required additional clopidogrel between 150 and 600 mg to achieve levels of Ͼ20%. After these increased doses, 94% of patients were able to achieve platelet inhibition of Ͼ20% on follow-up testing (P Ͻ .01).
Thromboembolic events occurred with 5/49 (10.3%) stent-placement procedures that were performed in group A. After the change to the clopidogrel dosing protocol (group B), 2/47 (4.5%) patients had thromboembolic complications. This decreasing thromboembolic complication rate between the 2 cohorts was not statistically significant (P ϭ .38).
DISCUSSION
Several clinical reports have focused on examining patient variation in the level of responsiveness to taking solo or dual antiplatelet therapy with acetylsalicylic acid and clopidogrel. 6, 20 There is growing literature from cardiology intervention patients that shows an association between clopidogrel resistance and clinical events. 8, 9, 21, 22 While antiplatelet drug resistance has been described in neurovascular patients, an effect on clinical events has not been previously reported. [10] [11] [12] [13] Our study demonstrates that clopidogrel resistance is clinically relevant and can lead to complications during neurovascular stent-placement procedures.
The reason for patient variation in the level of responsiveness to clopidogrel is multifactorial and not completely understood. Almost certainly, several factors play a role, including drug compliance, bioavailability, genetic polymorphisms, and drug interactions. The presence of a gene polymorphism resulting in loss of function of the drug-metabolizing enzyme CYP2C19 was found to be an important factor. 23, 24 A recent study from the Thrombolysis in Myocardial Infarction (TIMI) study group confirmed that heterozygote and homozygote carriers of the allele retain high platelet function on clopidogrel treatment. 25 This study demonstrated that increasing daily doses of clopidogrel can produce levels similar to those in noncarriers in heterozygotes. However, this was not achievable in homozygotes, even with daily doses of up to 300 mg of clopidogrel. While we did not perform genetic testing in our patients, the production of acceptable platelet inhibition with increased doses in 94% of the patients is consistent with these data. The remaining 6% who could not reach therapeutic levels may be homozygous carriers. There are various clinical tests used for measurement of platelet function. Light transmittance aggregometry is the classic method, but it has major disadvantages, including poor reproducibility, large sample volume, slow assay time, and the need for sample preparation and a skilled technician. Recently, 2 point-of-care devices that evaluate platelet function have become available: the PFA-100 Analyzer (Dade-Behring, Marburg, Germany) and the VerifyNow system. The VerifyNow assay is a simple rapid method that has become widely used in daily practice instead of LTA. Breet et al found that a high score on treatment platelet reactivity measured by the VerifyNow system (P2Y12 and aspirin) (n ϭ 422) in patients on dual antiplatelet therapy undergoing elective stent implantation predicted atherothrombotic events. Because there is no standard definition for clopidogrel resistance, neurovascular specialists have relied on data from cardiovascular patients. In the first period of our study, all thromboembolic complications were noted to occur in patients with clopidogrel platelet inhibition of Ͻ20%. This finding is consistent with those in previous reports. 18, 19 More recent reports from the cardiovascular literature suggest using a threshold based on PRU. 27 It is important to distinguish between a cardiovascular and neurovascular patient population for 1 major reason: risk of hemorrhage. Patients in our population are more likely to have a history of stroke, especially those undergoing stent placement for atherosclerotic disease. Several studies have shown increased risk of hemorrhage on more potent antiplatelet therapy in patients with stroke. 28, 29 Our data appear to support using a higher threshold for clopidogrel resistance in neurovascular patients.
26
Because of the observations of achieving higher inhibition with targeted dosing of clopidogrel, many practitioners have begun to use higher daily maintenance doses in resistant patients, especially in patients undergoing stent placement. However, this practice has not been definitively shown to decrease thrombotic complications. Several studies have evaluated this, including the recently published Gauging Responsiveness with a VerifyNow P2Y12 Assay: Impact on Thrombosis and Safety (GRAVITAS) trial, 27 in which resistant patients were randomized to receive either standard or double-dose clopidogrel after PCI. This study did not demonstrate any difference in death, myocardial infarction, or stent thrombosis between the 2 groups. However, patients were given double-dose clopidogrel and were not targeted to a specific inhibition level. In the recent TIMI group study referenced above, 25 patients often required a triple standard dose to achieve acceptable levels. In fact, in the GRAVITAS study, patients achieved just a moderate pharmacologic response with baseline mean PRU of 283 reduced to 211 with a double dose. In contrast, patients without resistance had a mean PRU of 151. Our patients achieved a mean PRU of 182 with targeted dosing, which may explain the reduction in thromboembolic events with this type of dosing.
There are several limitations to this study. As with any retrospective study, there are potential confounding effects and bias. Practitioners were not blinded, and all complications of the procedures were documented by the operators and additional retrospective chart review. Most important, thrombotic events during the procedure may not be wholly attributable to clopidogrel resistance and may be related to technique. Furthermore, the decrease in complication rates between the 2 cohorts may also be related to more operator experience with the techniques. Additionally, this is not a uniform patient population, with varying indications from atherosclerotic disease to aneurysm placement in nonstenosed vessels. Larger studies analyzing clopidogrel resistance in these diseases separately are necessary.
CONCLUSIONS
Our study demonstrates an association between clopidogrel resistance based on platelet aggregometry testing and clinical thromboembolic events in patients after neurovascular stent placement. In addition, we confirm the high incidence of clopidogrel resistance seen in prior studies in a population of patients undergoing neurovascular stent placement. This study also demonstrates that increased platelet inhibition can be achieved with additional doses of clopidogrel in most poor responders. The hypothesis that thromboembolic events may be decreased by titrating the clopidogrel dose to platelet aggregometry testing and the use of alternative antiplatelet agents needs further testing. 
